The formation of black ceramic layer produced by plasma electrolytic oxidation (PEO) coating has been investigated as a function of coating time. A series of PEO coatings was carried out on aluminum alloy sample in a phosphate electrolyte containing sodium tungstate (Na 2 WO 4 ) with four different coating times, i.e., 20, 100, 200 and 300 s. As the coating time increased, the amount of tungsten element in the ceramic layer increased, resulting in the black ceramic layer. This phenomenon was discussed based on the electrochemical reaction assisted by micro sparks to form WO 3 compounds in the ceramic oxide layer.
Introduction
In recent years, aluminum and its compounds have long been used in various electronic industries due to high specific strength, good corrosion resistance and excellent electro thermal conductivity. 13) For wider actual applications, electroplating, anodizing and plasma spraying have been investigated since high tribological properties and optical coloring could be attained by surface reforming.
48) Amongst these methods, much interest has been directed on plasma electrolytic oxidation (PEO) technique which could lead not only to generate the strong hetero-bonding between the metal substrate and the ceramic layer but also to infiltrate the metal oxides into the ceramic layer by electrochemical reactions assisted by high plasma energy. During PEO coating, the selection of the electrolyte was found to be important in tailoring electrochemical reactions which affected the surface characteristics, in particular, including the realization of various colors of the ceramic oxide compounds such as ZrO 2 , 9) Mn 2 O 3 , 10) V 2 O 3 , 11) etc. Our research group also reported that the black ceramic layer on aluminum alloy via PEO coating within the electrolyte containing NH 4 VO 3 was successfully attained, 12, 13) but the poor adhesion issue between the substrate and the ceramic layer remained unsolved yet. According to the previous suggestion by Bayati et al., 14) the introduction of WO 3 compounds into the ceramic layer would be effective to achieve the dark black color as well as high bonding strength in aluminum alloys. During PEO coating, unfortunately, the optimum condition to induce the black WO 3 compounds was not determined with respect to the coating time and the formation mechanism of WO 3 compound was not clearly understood.
In this study, the black ceramic layer having good adhesion strength with aluminum alloy sample was formed by the electrolyte containing sodium tungstate (Na 2 WO 4 ) and this result was compared to the sample via PEO in the electrolyte with NH 4 VO 3 . In addition, the variation of the surface characteristics with the coating time was studied.
Experimental Procedures
The chemical composition of aluminum alloy used as a substrate in this study was 5.77Zn-2.61Mg-1.33Cu-0.22Cr-0.15Fe-0.08Si-0.001Mn (in mass%). Aluminum alloy plate with a thickness of 2 mm was cut into 30 mm © 50 mm samples. Prior to the PEO coating, the samples were mechanically polished with # 1000 SiC papers, rinsed with distilled water and ultrasonically cleaned in high-purity ethanol. A machine equipped with stirring and cooling systems was used to perform PEO coating with an applied current density of 100 mA/cm 2 . A series of PEO coating were carried out using the electrolyte consisting of 0.14 M potassium hydroxide (KOH), 0.05 M potassium hydrogen phosphate (K 2 HPO 4 ) and 0.08 M sodium tungstate with four different coating times: 20, 100, 200 and 300 s.
The surface morphology and chemical composition of each sample were observed utilizing a field-emission scanning electron microscope (FE-SEM, HITACHI S4800) equipped with an energy dispersive X-ray spectrometer (EDS). The compounds present in the oxide layers were detected by Xray diffractometer with Cu K¡ radiation and X-ray photoelectron spectroscopy (XPS, VG microtech ESCA 2000) with monochromatic Al K¡ (1486.6 eV) X-ray source. Highresolution narrow scanning was used to determine the chemical binding states of elements, O 1s, Al 2p and W 4f. A colorimeter was employed for color measurement. L* value meant the degree of lightness and covered a wide range from black color (0) to white color (100). The adherence of the ceramic layer to the aluminum substrate was evaluated by sonicator (Bransonic 3510). The sonication test was performed by immersing the samples within deionized water for 600 s at output power of 100 W with frequency of 42 kHz.
Results and Discussion
The cell voltage vs. time curve for four-stage sequential PEO coating of the aluminum alloy samples in the Na 2 WO 4 -containing electrolyte is shown in Fig. 1 . Samples A, B, C and D indicated the PEO-treated samples for 20, 100, 200 and 300 s, respectively. Judging from the increasing trend of the cell voltages, two regions could be clearly separated by the breakdown point wherein micro sparks on the sample surface were observed to be initiated. Here, the breakdown voltage of 280 V was observed at coating time of ³25 s. Prior to breakdown phenomenon (region I), the cell voltage of the sample steeply increased, obeying Ohm's law.
1517) This increasing rate seemed saturated as the coating time increased up to 300 s. Most electrons were transported with an aid of micro discharge through the micro channels in the ceramic layer. Thus, the increasing rate of region II was lower than that of region I in spite of rapid growth of the ceramic layer working as an insulator under the present electric field. In order to explore the structural changes in the ceramic layer with respect to the coating time, Fig. 2 exhibits the surface morphologies of the ceramic layers on aluminum alloy samples treated by PEO coating at four different coating times. In sample A, the substrate was covered in part with the shallow ceramic layer with micrometer size and irregular marks generated by mechanical grinding prior to the coating were still visible. When the coating voltage exceeded breakdown voltage, the ceramic layer was composed of micro pores which were caused by the occurrence of gas bubbles and micro sparks like volcanic activity. 18) Oxide nodules were also detected. During PEO coating accompanying high energy sparks, the surface temperature was reported to be higher than 2000 K and dropped abruptly when the newly-formed oxide compounds met the cool electrolyte. 16, 19) In this study, the temperature of the electrolyte was preserved at ³293 K by using an external thermostat. Thus, the oxide compounds were rapidly solidified, resulting in the formation of micro pores and oxide nodules around micro pores. It is noted that the size of micro pores increased whereas the population of micro pores decreased with increasing coating time. The average size of the micro pores in sample D was estimated to be ³2.1 « 0.6 µm, which was twice larger than sample A. The ceramic layer grew as the coating time increased. Due to the growth of the ceramic layer, micro sparks became more intensive and even larger, which led to the increase in pore size. The cross-sectional images of the ceramic layers of the PEO-treated samples are also shown in Fig. 2 . The thicknesses of the ceramic layers were observed to be 1, 4, 7 and 10 µm for the samples A, B, C and D, respectively. Compositional analysis was made based on EDS observations of the PEO-treated samples, and their results are presented in Fig. 3 . Under the same amount of oxygen element, the amount of tungsten element increased while that of aluminum element decreased with increasing coating time. This suggested that tungstate ions coming from Na 2 WO 4 in the electrolyte readily participated in electrochemical reactions assisted by micro sparks, resulting in the presence of tungsten element in the ceramic layer. Hence, it was expected that tungsten oxide were introduced and its amount was increased by reduction in amount of aluminum oxide as the coating time increased. When the voltage during PEO coating would exceed the breakdown voltage, the ion spice of HPO 4 2¹ would also migrate inward through the discharge channels and phosphorus elements were found in the ceramic layer. 20) To discuss the mechanism of the ceramic layer growth together with the migration of WO 4 2¹ ions, the EDS line scanning of the sample D was made across the ceramic layers as shown in Fig. 4 . The experimental results showed that the tungsten element of 6 at% at least was detected throughout the entire ceramic layer. Interestingly, the amount of tungsten increased locally whereas the amount of the aluminum decreased in the vicinity of the surface of the ceramic layer. The sufficient migration of WO 4 2¹ ions toward the ceramic layer was activated by high electric potential as the coating time increased, causing the formation of the tungsten-(relatively) rich region present at the upper region of the ceramic layer. This showed good agreement with the increasing trend of tungsten amount with increasing coating time. Figure 5 shows XRD patterns of the ceramic layer formed in the electrolyte containing Na 2 WO 4 for 300 s. The ceramic layer consisted of both £-Al 2 O 3 and WO 3 compounds. The WO 3 compound present in the ceramic layer was amorphous since it possessed a wide peak at ³23°. Figure 6 shows the XPS spectra of the sample treated by PEO for 300 s. It was evident from Fig. 6(a) that the ceramic layer formed within the electrolyte contained oxygen, aluminum, and tungsten elements. The individual spectrums such as Al 2p 3/2, W 4f 5/2, W 4f 7/2 and O 1s were analyzed in order to figure out what kinds of the oxide compounds appeared in the ceramic layer. In Fig. 6(b) , the binding energy of 531.0 eV revealed the contribution of oxygen elements to the formation of crystal lattice structures of AlO and/or WO compounds. 14) As shown in Fig. 6(c) , the binding energy of 73.9 eV was related to the existence of £-Al 2 O 3 . 14, 22) The binding energies of 35.5 eV (4f 7/2) and 37.7 eV (4f 5/2) from XPS spectra [ Fig. 6(d) ] indicated the formation of WO 3 . 23, 24) It was concluded that the ceramic layer which was formed during PEO coating comprised £-Al 2 O 3 and WO 3 compounds. The formation of £-Al 2 O 3 compound was explained by the outward migration of Al 3+ from the substrate and the adsorbed water dissociation. 25) Fig. 3 EDS results of the PEO-coated aluminum alloy samples with respect to the coating time. 
21)
Al 2 O 3 compounds were easy to be rapidly solidified when they contacted the relatively cool electrolyte. Such rapid solidification of alumina favored the formation of £-Al 2 O 3 compound. In contrast, some WO 4 2¹ ions from the electrolyte migrated inward through the discharge channels in the ceramic layer and, then, sacrificed the electrons owing to electric shock, giving rise to the incorporation of black WO 3 compounds. Chemical reaction is as follow: Figure 7 is the optical image showing the surface color and appearance of five distinct samples which are coated for 0, 20, 100, 200 and 300 s in the electrolyte containing Na 2 WO 4 . Figure 7 (a) provided the initial sample prior to PEO coating so as to compare the change in the color of each sample. As the coating time increased up to 300 s, the samples appeared to have different gradients of black color. As shown in Fig. 7(b) which was taken before breakdown voltage, the thin ceramic layer of sample B exhibited light grey color. This was same as that found in the PEO-treated sample using the electrolyte without Na 2 WO 4 , implying the fact that the black WO 3 compound was rarely formed in the ceramic layer. Due to the lower responding voltage of ³280 V (Fig. 1) than breakdown voltage, the move of tungstate ions onto the ceramic layer was insufficient under the electric field. It was certain that the sample E showed the conformal ceramic layer with the darkest black color among the PEO-treated samples. Though indirect, comparison of Figs. 7(c), 7(d) and 7(e) led to the conclusion that the migration of tungstate ions toward sample surface and the concomitant electrochemical reaction of tungsten ions to form WO 3 compound became accelerated when the coating duration exceeded 100 s. We believed that the activity of tungstate ions to form black WO 3 compound in the ceramic layer would depend upon the coating time associated with the electric field, which was consistent with the present EDS observation. Figure 8 shows the relationship between the L* value of the colored ceramic layer and the coating time. The initial coating layer prior to PEO coating possessed a high value of ³90. As the coating time increased, the color of the ceramic layer was changed. At a coating time of 300 s, the color of the ceramic layer reached the dark black with the lowest L* value of ³30. This was mainly due to the fact that a prolonged coating time caused the tungsten ions to incorporate into the ceramic layer and, thus, to form WO 3 compound in the ceramic layer. Consequently, the amorphous WO 3 appeared to have an influence on the dark black color.
In order to evaluate how the ceramic layer with WO 3 compound adhered strongly to the aluminum substrate, the result of the sonication test of the sample D in distilled water for 600 s is given in Fig. 9(a) . This is compared to that of the PEO-treated sample in the NH 4 VO 3 electrolyte [ Fig. 9(b) ]. Although the resultant compounds present in the ceramic layer would be different, the PEO-treated sample in the NH 4 VO 3 electrolyte was used to compare the adhesion characteristics since the color of V 2 O 3 compound was black same as that of WO 3 used in this study. The coating time and thickness of both samples were reasonably identical. Most parts of the ceramic layer of the sample coated in the NH 4 VO 3 electrolyte were observed to be peeled away from the substrate [ Fig. 9(b) ] whilst there was no appreciable difference found between before and after sonication test of the sample D. When the NH 4 VO 3 electrolyte was applied for PEO coating of aluminum sample, the fraction of micro pores was much larger than when the Na 2 WO 4 electrolyte was used. Since the adhesive strength was closely related to the fraction of micro pores, the sample coated in the Na 2 WO 4 electrolyte showed better adhesion properties as compared to that in the NH 4 VO 3 counterpart. This finding suggested that WO 3 compound was successfully incorporated into the ceramic layer and the adhesion strength between the substrate and the ceramic layer was significantly improved by utilizing the Na 2 WO 4 electrolyte used for PEO treatment.
Further investigations on how the shape and size of WO 3 compound would exist in ceramic layer after PEO coatings are needed in order to provide a better understanding between microstructure and related properties enhancement of the PEO-treated aluminum samples.
Summary
A conformal black ceramic layer on aluminum alloy was successfully fabricated via PEO coating in the electrolyte containing Na 2 WO 4 . Regarding the micro pore formation on surface, the size of micro pores increased while the population of micro pores decreased with increasing coating time. The present EDS results showed that, as the coating time increased, the amount of tungsten element in the ceramic layer increased. Due to the electrochemical reactions assisted by plasma energy, WO 3 compound was successfully formed into the ceramic layer and the adhesion strength between the substrate and the ceramic layer was significantly improved after PEO treatment. 
